Introduction {#sec1}
============

Epinephrine (EP), an important neurotransmitter and hormone, can improve the survival rate of cardiac arrest patients by increasing the force and rate of heart contractions.^[@ref1],[@ref2]^ However, excess EP or subcutaneous injection of EP into a vein can be deadly, as it can cause a sudden rise in blood pressure, cerebral hemorrhage, or even ventricular fibrillation.^[@ref3],[@ref4]^ For this reason, the use of EP in sports is banned by the World Anti-Doping Agency. Therefore, it is very important to realize the ultrasensitive sensing of EP. Some conventional detection techniques, such as colorimetry,^[@ref5]^ fluorescence spectrophotometry,^[@ref6]^ and high-performance liquid chromatography (HPLC),^[@ref7]^ have been successfully used for the determination of EP. Recently, electrochemical analysis,^[@ref8]^ capillary electrophoresis,^[@ref9]^ and chemiluminescence^[@ref10]^ have been shown to be applicable to the detection of EP. Furthermore, photoelectrochemical (PEC) analysis is a rapidly developing method that can provide high precision, remarkable sensitivity, and easy integration using simple equipment based on appropriate photoactive materials.^[@ref11]−[@ref15]^ Various organic semiconductors^[@ref16],[@ref17]^ and inorganic semiconductors^[@ref18],[@ref19]^ have been used owing to their unique functions and photochemical activity.

Phthalocyanine metal derivatives have been widely used in applications in the spin-dyeing industry, medicine, and electrocatalytic analysis owing to their attractive features and functions.^[@ref20]−[@ref22]^ Nickel tetraminophthalocyanine (NiTAPc) is a phthalocyanine metal derivative well known for its excellent optical properties, chemical stability, and low cost.^[@ref23],[@ref24]^ Moreover, high electrocatalytic activity can be achieved owing to the large number of amino groups in NiTAPc.^[@ref25]^ Significantly, NiTAPc shows strong absorption in the region of 600--800 nm and high molar extinction coefficients in the near-infrared region, which has been exploited for PEC analysis.^[@ref26],[@ref27]^ Recently, graphene oxide (GO) has been exploited in the field of PEC analysis.^[@ref28]^ GO, which is usually prepared from graphite by oxidation using a strong acid, consists of sheets bearing carboxyl, hydroxyl, and epoxy groups and exhibits photoelectric activity.^[@ref29]^ GO has good water solubility and excellent mechanical stability, which make it suitable for use as a template to form composites with various nanoparticles (NPs) or amino polymers for chemical analysis.^[@ref30]−[@ref32]^ Previous studies have shown that NiTAPc, which is rich in amino groups, can be covalently attached to the surface of GO via chemical reaction with carboxyl groups to form nickel tetraminophthalocyanine-functionalized graphene oxide (NiTAPc-Gr).^[@ref33]^ NiTAPc-Gr exhibits the advantages of both its constituent materials, showing not only excellent PEC properties and high mechanical stability but also a large specific surface area. This structure with an enhanced adsorption capacity has been successfully used for supercapacitors and micromolecule detection.^[@ref34],[@ref35]^

As unique functional materials, metallic NPs have been widely researched in various fields.^[@ref36]−[@ref38]^ To date, metallic NPs have been extensively applied in photodetectors,^[@ref39]^ energy applications,^[@ref40]^ organic compound analysis,^[@ref41],[@ref42]^and medical diagnosis and therapy.^[@ref43]^ Notably, localized surface plasmon resonance in Au quantum dots (QDs) can be excited, which facilities the absorption of visible and even near-infrared photons, effectively boosts the rate of electron--hole formation, and promotes the separation of photogenerated charge carriers near the semiconductor, which can be transformed into a strong and stable electrical signal.^[@ref44],[@ref45]^ Owing to their high specific surface area, excellent photocatalytic activity, and good biocompatibility, Au QDs have been applied as efficient light-harvesting enhancers in PEC analysis; for instance, TiO~2~-MoS~2~-Au NPs^[@ref46]^ and CdS-Au QDs.^[@ref47]^ Au NPs integrated with ZnAgInS QDs^[@ref48]^ have been used for specific purposes. The development of novel photoelectrodes is inevitable because of shortcomings during the inception phase.

In this work, we report the PEC analysis of EP using a heterostructure composite consisting of Au QDs decorated on NiTAPc-Gr (Au QDs\@NiTAPc-Gr) as a signal indicator. This PEC sensor has significant advantages: (1) The Au QDs\@NiTAPc-Gr composite material with specific structural features and a high specific surface area was synthesized by coupling the photoactive template material NiTAPc-Gr and a signal enhancer (Au QDs), which not only provided stability and increased the photoelectric catalytic activity but also reduced the self-aggregation of Au QDs, leading to an enhanced electrical signal output. (2) The sensitivity of the PEC sensor is comparable to that of enzymes; however, unlike enzyme sensors, the PEC sensor does not suffer from inactivation. (3) The Au QDs\@NiTAPc-Gr heterostructure is ultrasensitive to visible and even near-infrared light, suggesting that the PEC sensor has broad applicability for the clinical detection of small molecules owing to the strong penetrability of the near-infrared light into cell tissues. However, such sensors have general disadvantages such as relatively short lifetimes, usually requiring replacement after 1--3 years. Moreover, the electrolytic solution should be carefully maintained and replenished regularly. Nevertheless, the PEC sensor was successfully applied to ultrasensitive EP detection, exhibiting rapid response, high stability, wide linear detection range, and selectivity. These findings provide insights into the development of heterostructures for PEC analysis and new methods for EP detection.

Results and Discussion {#sec2}
======================

Characterization of PEC Materials {#sec2.1}
---------------------------------

X-ray photoelectron spectroscopy (XPS) was used for the elemental analysis of the Au QDs\@NiTAPc-Gr composite material ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). The high-resolution Ni 2p XPS spectrum showed two peaks at 855.7 and 870.0 eV ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B), assigned to Ni 2p~3/2~ and Ni 2p~1/2~ of NiTAPc-Gr, respectively.^[@ref49]^ In [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C, the O 1s peaks at 531.7 and 533.2 eV were attributed to C--O and C=O bonds, respectively.^[@ref50]^ The N 1s XPS spectra ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D) of the Au QDs\@NiTAPc-Gr composite material indicated that the peaks of nitrogen functionalities appeared at 399.2 eV (the N in N--H bonds), 400.5 eV (the N in N--H bonds), and 401.6 eV (the N in C--N bonds).^[@ref51]^ The C1s peaks at 284.8, 286.0, and 287.9 eV corresponded to C--C, C--O, and C=O, respectively ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E).^[@ref52]^ Furthermore, the peaks located at 85.2 and 88.8 eV were attributable to Au 4f ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}H). These findings imply the successful preparation of the Au QDs\@NiTAPc-Gr composite material.

![XPS analysis of the Au QDs\@NiTAPc-Gr composite: (A) survey scans and high-resolution spectra of (B) Ni 2p, (C) O 1s, (D) N 1s, (E) C 1s, and (H) Au 4f. (F) Fourier transform infrared (FTIR) and (G) UV--vis spectra of (a) GO, (b) NiTAPc, (c) NiTAPc-Gr, and (d) Au QDs\@NiTAPc-Gr.](ao9b02998_0005){#fig1}

Furthermore, the PEC materials GO, NiTAPc, NiTAPc-Gr, and Au QDs\@NiTAPc-Gr were characterized using Fourier transform infrared (FTIR) spectroscopy, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}F. GO exhibited absorption peaks at 1724 and 1618 cm^--1^ (curve a), which are related to the symmetric and asymmetric telescopic vibrations of −COO^--^.^[@ref53]^ NiTAPc showed a bending vibration at 1609 cm^--1^ (curve b) related to the presence of −NH~2~. In NiTAPc-Gr, NiTAPc, which is rich in amino groups, was covalently bound to the surface of GO via reactions with carboxyl groups. As a result, NiTAPc-Gr exhibited a strong absorption peak corresponding to C=O in amido linkages at 1694 cm^--1^ (curve c). Furthermore, the symmetric telescopic vibration of GO at 1724 cm^--1^ disappeared, which could be attributed to the p−π-conjugated effect of amido linkages, resulting in a shift of the C=O absorption frequency toward lower wavenumbers.^[@ref54]^ In the case of Au QDs\@NiTAPc-Gr, Au QDs were in situ grown on the surface of NiTAPc-Gr, and characteristic peaks of amido linkages and [l]{.smallcaps}-cysteine were observed at 1687, 1644, and 1613 cm^--1^.

The PEC materials in dimethylformamide (DMF) were characterized using ultraviolet--visible (UV--vis) spectroscopy ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}G). The absorption spectrum of NiTAPc showed two intense Q bands at ∼637 and 715 nm (curve b), whereas the Q bands of NiTAPc-Gr appeared at ∼629 and 683 nm (curve c). After further modification with Au QDs, which can absorb a range of visible light, the PEC material exhibited an increased absorbance at 623 nm, indicating the successful modification of Au QDs on NiTAPc-Gr.^[@ref55]^

The morphologies of synthesized PEC materials were characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, after reacting with GO, *Hovenia dulcis* thunb-like structures were clearly observed on the surfaces of the GO sheets ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B,C). Furthermore, TEM images revealed that NiTAPc-Gr was modified with Au QDs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D) and the Au QDs on the NiTAPc-Gr surface possessed dispersed lattice planes with an average size of approximately 4 nm. These results indicated that the Au QDs\@NiTAPc-Gr composite was successfully prepared.

![SEM images of (A) NiTAPc (left), enlarged SEM (top right), and a picture of hovenia dulcis thunb (bottom right) and (B) and (C) NiTAPc-Gr. (C) and (D) TEM images of Au QDs\@NiTAPc-Gr.](ao9b02998_0007){#fig2}

PEC Characterization of Modified Electrodes {#sec2.2}
-------------------------------------------

Electrochemical impedance spectroscopy (EIS) measurements were carried out at a potential of 0.2 V to characterize the fabricated PEC sensor in a solution of 3 mM \[Fe(CN)~6~\]^3--/4--^ containing 0.1 M KCl. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, the charge-transfer resistance (Ret) of bare indium tin oxide (ITO) was approximately 49.9 Ω (curve a). A decrease in Ret was observed after modification with NiTAPc (∼41.8 Ω, curve b), which was attributed to the excellent conductivity of this material. An increased Ret was observed for the GO-modified ITO electrode (∼82.4 Ω, curve c). Additionally, the Ret of Au QDs\@NiTAPc-Gr (∼279.3 Ω, curve e) was much larger than that of NiTAPc-Gr (∼233.6 Ω, curve d) owing to additional scattering at the surface of NiTAPc-Gr when the electron mean free path became comparable to the thickness of the metal film.^[@ref56]^ These results indicated that Au ions were reduced in the HAuCl~4~ aqueous solution during the preparation of Au QDs\@NiTAPc-Gr, resulting in the successful modification of the NiTAPc-Gr surface with Au QDs. In addition, cyclic voltammetry (CV) tests of various electrodes were conducted in the same aqueous solution between −0.2 and 0.8 V at a scan rate of 100 mV/s. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C, the anodic peak current for bare ITO was approximately 820.8 μA. When the electrode surface was modified with NiTAPc, the anodic peak current increased to 908.2 μA because of the good conductivity of this material. The GO-, NiTAPc-Gr-, and Au QDs\@NiTAPc-Gr-modified electrodes exhibited lower anodic peak currents (782.1, 601.7, and 537.9 μA, respectively) owing to steric hindrance and electronic repulsion. Furthermore, Nyquist plots showing the effect of dark conditions and light illumination on the charge-transfer behavior in Au QDs\@NiTAPc-Gr/ITO are displayed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B. The corresponding EIS measurements were performed in 0.1 M pH 8.0 phosphate-buffered saline (PBS) buffer with or without EP (150 nM) at an applied potential of 0.2 V. The Ret for the PEC sensor under light illumination was lower than that in dark conditions, indicating that the separation efficiency of electron--hole (e^--^/h^+^) pairs was enhanced under light irradiation.

![(A) EIS spectra and (C) CV curves of (a) bare ITO electrode, (b) NiTAPc/ITO, (c) GO/ITO, (d) NiTAPc-Gr/ITO, and (e) Au QDs\@NiTAPc-Gr/ITO in 3 mM \[Fe(CN)~6~\]^3--/4--^ containing 0.1 M KCl solution. (B) Nyquist plots for Au QDs\@NiTAPc-Gr/ITO in 0.1 M PBS in dark and under light conditions with or without EP (150 nM) at an applied potential of 0.2 V. (D) Photocurrent responses of various electrodes for EP detection.](ao9b02998_0002){#fig3}

Subsequently, the photocurrent responses of various PEC sensors were characterized as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D. Photocurrent vs time plots were plotted for the PEC sensors at a potential of −350 mV in the presence of 150 nM EP in 0.1 M pH 8.0 PBS. The photocurrent responses of NiTAPc/ITO, GO/ITO, and NiTAPc-Gr/ITO were 0.8, 0.3, and 1.0 μA, respectively, within 20 s. In the case of Au QDs\@NiTAPc-Gr/ITO, the photocurrent increased to 4.5 μA. The photocurrent of Au QDs\@NiTAPc-Gr was 4.5 times higher than that of NiTAPc-Gr, which could be attributed to the effects of Au QDs toward enhancing the response of NiTAPc-Gr. These results indicated that the Au QDs\@NiTAPc-Gr composite can be selected as a photocatalytic material for fabricating PEC sensors.

Optimization of Experimental Conditions {#sec2.3}
---------------------------------------

To obtain high sensitivity for the determination of EP, two relevant experimental conditions, namely, the pH of the supporting electrolyte and the applied potential (*V*), were examined. In the presence of 150 nM EP, the photocurrent response increased with the increase in pH from 4.0 to 8.0, with the maximum value obtained at pH 8.0 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). Thus, pH 8.0 PBS buffer was chosen as the optimum condition. Additionally, the effect of *V* on the PEC sensor was examined, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C. The photocurrent response increased linearly with the increase in *V* in range from 0 to −350 mV, which can be described by the linear equation *I*(μA) = −0.0087*V* (mV) + 1.26, *R*^2^ = 0.9924 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D). At *V* higher than −350 mV, the photocurrent began to decrease. Therefore, an applied potential of −350 mV was used in subsequent experiments.

![(A) Schematic diagram of the PEC detection on Au QDs\@NiTAPc-Gr/ITO. (B) Effect of PBS solution with different pH values, (C) applied potential on photocurrent in responses of the PEC sensor, and (D) corresponding data.](ao9b02998_0006){#fig4}

Detection of EP {#sec2.4}
---------------

Under optimal sensing conditions, the photocurrent responses of the PEC sensor to different concentrations of EP (0.12--243.9 nM) were recorded ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A), with each test repeated four times. The photocurrent increased with the increase in EP concentration and a good linear relationship was observed, which can be expressed as *I*(μA) = 0.0195*C* (nM) + 1.72, *R*^2^ = 0.9992 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B), with a limit of detection (LOD) of 17.9 pM.

![(A) Photoelectrochemical responses of the PEC sensor in the presence of EP in different concentrations of 0.12--243.9 nM and (B) corresponding data. (C) Response of Au QDs\@NiTAPc-Gr/ITO during continuous detection of EP under periodic light irradiation for 650 s. (D) Influence of different interferences on EP detection.](ao9b02998_0003){#fig5}

In the Au QDs\@NiTAPc-Gr structure, the NiTAPc-Gr network and Au QD sensitizer possess different absorption bands owing to their different energy gaps, allowing adequate utilization of the energy of the excitation light.^[@ref57]^ Au QDs and NiTAPc-Gr exhibit cascade band-edge levels that can promote the ultrafast transfer of charge and effectively inhibit the recombination of negatively charged electrons (e^--^) and positively charged holes (h^+^) when red excitation light is transmitted through the photosensitive Au QDs\@NiTAPc-Gr material. Therefore, the photocurrent response is obviously enhanced. Under light irradiation, the photogenerated electrons in the valence band (VB) are injected in the conduction band (CB) through a cascade starting from the Au NP to form the electron--hole pairs. EP as an electron donor can block the recombination of the photogenerated holes and facilitate the transfer of electrons from the conduction band of Au QDs to NiTAPc-Gr and then to the surface of the ITO electrode, resulting in the oxidation of EP to EP^+^ in the electrolyte and the generation of a strong current response.^[@ref27],[@ref58],[@ref59]^ The presence of EP enhances the electron transfer between the photosensitive materials, resulting in an increase of photocurrent. Thus, different concentrations of EP affect the magnitude of the photocurrent. A schematic diagram of the PEC detection on the sensor is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A.

Additionally, using several analytical parameters, the performance of the PEC sensor was compared with that of some of the previously reported strategies for EP detection. As shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the current PEC strategy provides a much lower LOD and a somewhat wider linear range, which can be attributed to the large specific surface area and excellent stability and photoelectric conversion capacity of Au QDs\@NiTAPc-Gr under red-light illumination. Thus, the proposed PEC sensor has great potential for the determination of EP.

###### Comparison of the Performance of Various Methods for Epinephrine Detection

  material/method                   linear range (μM)        LOD (μM)         RSD (%)   *R*      refs
  --------------------------------- ------------------------ ---------------- --------- -------- ------------
  Au-MWCNT-PANI-RuO~2~/EC           7.69 × 10^--2^--4.9      0.18                       0.9760   ([@ref60])
  MIPs/MWNTs/EC                     0.30--1 × 10^3^          0.03             1.30      0.9980   ([@ref61])
  Chit-fCNT bio-nanocomposite/EC    0.05--10                 0.03             4.50               ([@ref62])
  GCPE(centri-voltammetry)/EC       0.20--20                 1.30 × 10^--2^   2.53      0.9975   ([@ref63])
  50--500                           4.30 × 10^--2^           0.9980                              
  GQD-CS/EC                         0.36--380                3.00 × 10^--4^   2.80      0.9983   ([@ref64])
  caffeic acid/EC                   2--80                    0.20                       0.9987   ([@ref65])
  β-NiS\@rGO/Au nanocomposites/EC   2--1 × 10^6^             0.54             2.04      0.9924   ([@ref66])
  UPLC-MS/MS                        2 × 10^--4^--14          1.00 × 10^--4^             0.9999   ([@ref67])
  EP--MIP/CL                        5 × 10^--3^--10          3.00 × 10^--3^             0.9980   ([@ref68])
  AuNPs\@NiTAPc-Gr/PEC              1.20 × 10^--4^--0.2439   1.79 × 10^--5^   1.36      0.9996   this work

Stability, Reproducibility, and Selectivity of the PEC Sensor {#sec2.5}
-------------------------------------------------------------

To investigate the stability of the proposed PEC sensor, the photocurrent response during continuous detection of EP was recorded under periodic light irradiation for 650 s. Good short-term stability was observed with a relative standard deviation (RSD) of 1.09%. Subsequently, the PEC sensor was stored in a refrigerator at 4 °C and monitored occasionally. After 1 month, 90.8% of the initial photocurrent value was recorded, revealing that the PEC sensor has long-term stability. Furthermore, the photocurrents of five newly modified working electrodes tested in the same experiment gave an RSD of 1.62%, reflecting the good reproducibility of PEC sensor. The photocurrent response of the PEC sensor was also investigated in the presence of several possible interferents at a 100-fold higher concentration than EP (75.0 vs 7.5 × 10^3^ nM). As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D, the initial photocurrent response increased rapidly after EP was added without interferents, and the subsequent addition of interferents, including Cu^2+^, K^+^, Mg^2+^, Ca^2+^, Fe^2+^, glucose, noradrenaline (NA), uric acid (UA), [l]{.smallcaps}-Cys, dopamine (DA), and tyrosine, did not cause a significant change in the photocurrent. These results demonstrated the potential applicability of the PEC sensor for complex sample analysis.

Practical Applications {#sec2.6}
----------------------

To verify the practical applicability of the proposed PEC sensor, different amounts of EP were added to human serum samples (final concentrations of 5, 100, and 200 nM). These human serum samples were analyzed by the standard recovery method using the PEC sensor. As shown by the analysis results in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, the recovery ranged from 98.80 to 99.44%. The parallel determination was performed five times (*n* = 5), and the RSD was less than 4%. These results indicated that the PEC sensor could be applied for EP detection in human serum samples.

###### Results of the Detection of Epinephrine in Human Serum Samples (*n* = 5)

                added (nM)   found (nM)   RSD (%)   recovery (%)
  ------------- ------------ ------------ --------- --------------
  human serum   5            4.94         3.45      98.80
                100          99.17        1.44      99.17
                200          198.89       1.52      99.44

Conclusions {#sec3}
===========

In this work, to construct a PEC sensor for EP, a novel Au QDs\@NiTAPc-Gr composite was devised by uniformly growing Au QDs on the surface of NiTAPc-Gr via a chemical reduction method. The integration of Au QDs and NiTAPc-Gr produced synergetic effects that enhanced the photoelectric conversion capacity and absorption efficiency, thus increasing the photocurrent signal. The synthesized composite showed low self-aggregation of Au QDs, a large specific surface area, and excellent biocompatibility. This proposed PEC sensor based on Au QDs\@NiTAPc-Gr exhibited a wide linear range (0.12--243.9 nM), a low LOD (17.9 pM), high stability, good reproducibility, and good selectivity for ultrasensitive EP detection. Finally, this PEC strategy was successfully applied to the biological analysis and detection of EP in human serum samples, with recoveries ranging from 98.80 to 99.44%. In view of these results, the PEC strategy has great potential for real-time monitoring of real samples.

Experimental Section {#sec4}
====================

Materials and Reagents {#sec4.1}
----------------------

Adrenaline hydrochloride, ascorbic acid (AA), [l]{.smallcaps}-cysteine, thionyl chloride, ammonium molybdate, and HAuCl~4~ were purchased from Aladdin Industrial Corporation (Shanghai, China). Graphite was purchased from Xilong Chemical Industry Co., Ltd. (Shenzhen, China). 4-Nitrophthalimide was obtained from Meryer Chemical Technology Co., Ltd. (Shanghai, China). Sodium sulfide nonahydrate (Na~2~S·9H~2~O) and carbamide were purchased from Sinopharm Chemical Reagent Co.,Ltd. (Shanghai, China). Phosphate-buffered saline (PBS; 0.1 M, pH 7.0) buffer was prepared using KH~2~PO~4~, Na~2~HPO~4~·12H~2~O, and KCl. The human serum sample was obtained from Chongzuo People's Hospital (Guangxi, China).

Apparatus {#sec4.2}
---------

SEM and TEM images were recorded using an EVO-18 microscope (ZEISS, Oberkochen, Germany) and an FEI Tecnai-G2 F30 microscope (FEI Co., Hillsboro, OR) spectrometer, respectively. XPS spectra were obtained using a K-α spectrometer (Thermo Fisher Scientific Co., Waltham, MA). The FTIR spectra were collected with a Spectrum 65 FTIR spectrophotometer (PerkinElmer Co., Ltd., Waltham, MA). The UV--vis absorption spectra were obtained using a Shimadzu UV-6100 UV--vis-NIR spectrophotometer (Shanghai Mapada Instruments Co., Ltd., Shanghai, China). Red excitation light was provided by a PEAC 200A system (Ada Hengsheng Technology Development Co., Ltd., Tianjin, China). The distance between the illumination source and the sample cell was maintained at 10 cm. PEC measurements were performed using an electrochemical workstation (CHI760e, Chenhua Instrument Co., Ltd., Shanghai, China). ITO slices (≤6 Ω, South China Xiangcheng Technology Co., Ltd., Shenzhen, China) with an active surface area of 0.25 cm^2^ were used as the working electrode vs Ag/AgCl as the reference electrode.

Synthesis of NiTAPc {#sec4.3}
-------------------

NiTAPc was prepared by the reduction of the corresponding nitro-substituted intermediate.^[@ref69]^ Briefly, 4-nitrophthalimide (1.75 g), carbamide (10 g), ammonium molybdate (0.025 g), and NiCl~2~ (1.14 g) were mixed and then fused by heating to a temperature of 160 °C, providing the crucial precursor nickeltetranitrophthalocyanine. Then, the synthesized blue-purple solid and Na~2~S·9H~2~O (3.73 g) were dissolved in DMF (50 mL) and heated at 60 °C for 1.5 h. Finally, NiTAPc was collected by filtration, washed with water and ultrapure absolute ethyl alcohol several times, and dried in a vacuum drying chamber at 70 °C for 2 h.

Preparation of the Au QDs\@NiTAPc-Gr Composite {#sec4.4}
----------------------------------------------

GO was synthesized from graphite by a modified Hummers' method.^[@ref70]^ NiTAPc-Gr was synthesized via the following steps. GO (1 mg) was added to a mixed solution of thionyl chloride (10 mL) and DMF (10 mL), stirred, and then heated at 70 °C for 24 h. NiTAPc (200 mg) was added to the above mixture after thionyl chloride was removed by vacuum distillation and heated for a further 96 h. The product was washed with ultrapure water and absolute ethyl alcohol several times and then dried in a vacuum drying chamber at 70 °C for 6 h. Au QDs\@NiTAPc-Gr was prepared via the in situ growth of Au QDs on the surface of NiTAPc-Gr, as described in a previous report from the Yuan group.^[@ref71]^ NiTAPc-Gr was easily dispersed in DMF, and then 1 mL of NiTAPc-Gr suspension (0.1 wt %) was mixed with 5 mL of [l]{.smallcaps}-cysteine aqueous solution (1 mM) using a high-speed shaker for 1 h. Subsequently, 5 mL of HAuCl~4~ aqueous solution (0.3 mM) and 10 mL of AA aqueous solution (5 mM) were added to the mixture, which was stirred rapidly at room temperature for 3 h to give NiTAPc-Gr decorated with Au QDs. Finally, the product was washed with ultrapure water several times and dried in a vacuum drying chamber at 70 °C for 6 h. The synthesis mechanism is shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}.

![Schematic Illustration of the Synthetic Mechanism of Au QDs\@NiTAPc-Gr](ao9b02998_0001){#sch1}

Electrode Fabrication {#sec4.5}
---------------------

The ITO slices were cleaned with acetone, ethanol, and ultrapure water and then dried under an infrared lamp. The ITO substrate was then coated with 5 μL of a dispersion of Au QDs\@NiTAPc-Gr (1 mg) in DMF (1 mL), which was allowed to dry naturally in the air. In addition, ITO substrates were coated with NiTAPc, GO, and NiTAPc-Gr using dispersions with the same concentration and volume as mentioned above. Furthermore, a bare ITO electrode was prepared by coating an ITO substrate with 5 μL DMF. The coated area of the modified electrodes was 0.25 cm^2^.
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